Abstract Fungi associated with black point were isolated from three highly susceptible wheat genotypes in the North China Plain. The 21 isolates represented 11 fungal genera. The most prevalent genera were Alternaria (isolation frequency of 56.7%), Bipolaris (16.1%), and Fusarium (6.0%). The other eight genera were Curvularia, Aspergillus, Cladosporium, Exserohilum, Epicoccum, Nigrospora, Penicillium, and Ulocladium; their isolation frequencies ranged from 0.8 to 4.8%. The pathogenicity of the isolates was individually assessed in the greenhouse by inoculating wheat plants with spore suspensions. Ten of the 21 isolates caused significantly higher incidences of black point than that the controls. These isolates belonged to eight fungal species (A. alternata, B. sorokiniana, B. crotonis, B. cynodontis, C. spicifera, F. equiseti, E. rostratum, and E. sorghinum) based on morphological traits and phylogenetic analysis. The average incidences of black point in the eight fungal species were 32.4, 54.3, 43.0, 41.9, 37.2, 38.8, 50.1, and 34.1%, respectively. B. sorokiniana and A. alternata were determined to be the most important pathogens in the North China Plain based on fungal prevalence and symptom severity. This study is the first to identify E. rostratum as a major pathogen causing black point in wheat.
Introduction
The North China Plain (NCP) is one of the most important agricultural regions in China [1] . Black point is a widespread and severe grain disease in this area, as well as other countries, and leads to economic losses for farmers [2, 3] . Black point also reduces grain quality, decreases seed germination, and inhibits seedling growth [4] [5] [6] . The incidence of black point in wheat germplasm in the NCP varies from 0.3 to 66.7%, and 62.5% of 403 germplasm studied between 2010 and 2012 were classified as susceptible under field conditions [6] . This indicates that most cultivars and new lines bred in the NCP are susceptible to black point; however, the resistance of wheat to black point varies significantly by genotype [6] .
The most common approaches for controlling this disease are growing resistant varieties of wheat, cultural controls, chemical controls, and biological controls. Among these, planting resistant cultivars is the most economical and environmentally sustainable [7] . There are few genetic studies on wheat black point resistance because the pathogen is complex; which complicates breeding for disease resistance.
More than 100 fungal species have been isolated from wheat grains infected with black point. Numerous fungal genera have been associated with black point, such as Alternaria, Bipolaris, Curvularia, Drechslera, Epicoccum, Fusarium, Nigrospora, Penicillium, and Sclerotium. Of these, fungi belonging to Alternaria, Bipolaris, and Fusarium are the most widely observed [4, 5, 8, 9] . However, except Fusarium proliferatum [5] , there has been no conclusive evidence that black point is a direct result of fungal infection. What's more, the dominant pathogens and their pathogenicities in the NCP remain unknown.
To effectively screen wheat germplasm that are resistant to black point and breed wheat cultivars that are resistant to the predominant pathogens, the first step is to clarify the identities of the predominant pathogens and their pathogenicities. Here, we report on the major fungal pathogens causing black point in wheat in NCP, as well as their pathogenicities in the greenhouse.
Materials and Methods

Wheat Lines
Three highly susceptible wheat lines, one spring wheat line (Pinzhisuo6) and two semi-winter wheat lines (Wanyuanbai and Jicheng2), were used to isolate fungal species and determine their pathogenicities. These lines were selected from 403 wheat germplasm collection grown in field and exposed to black point incidence under natural conditions in the NCP [6] .
Fungal Isolation
Wheat lines were planted in the experimental farm of Henan Agricultural University (longitude 113°42 0 E, latitude 34°44 0 N, elevation 111.3 m) during the 2012-2013 wheat growing season. Each of the three wheat lines was planted in two 75-plant rows. Black point kernels were collected at the GS 87 stage of the Zadoks scale [10] , which is when the symptom was clearly visible. Ten spikes from each of the three replications were collected and brought to laboratory.
The diseased kernels were surface sterilized in 1% sodium hypochlorite (NaOCl) solution for 3 min, rinsed three times with sterile distilled water, and plated aseptically in separate 9 cm Petri dishes. Each Petri dish contained ten kernels from one wheat line. The Petri dishes were arranged in a completely randomized fashion, incubated at 25°C in the dark for 9 days, and checked every 2-3 days for the growth of microorganisms.
The infected tissues were separated and placed on potato dextrose agar (PDA) medium under sterile conditions. After incubation at 25°C in the dark for 7 days, fungi arising from the grain were sub cultured and characterized based on their colony and conidial morphologies based on the monographs of Lu [11] and the literature of Manamgoda et al. [12] . Single-spore isolations from these cultures according to Chomnunti et al. [13] yielded a total of 21 isolates.
Pathogenicity Evaluation
Conidial suspensions of the 21 isolates were prepared according Mahto et al. [14] . The concentration of the conidia in suspensions was adjusted to 3 9 10 5 conidia per mL. Three highly susceptible wheat lines (previously mentioned) were used to determine the pathogenicity under greenhouse conditions between 2014 and 2016.
The experiment was conducted with a randomized block design with three replicates. Each replicate consisted of 132 plants from each wheat line planted in 22 plastic basins (15-cm diameter and 20-cm depth). At Zadoks' stage GS 65 [10] , spikes were treated with conidial suspensions using a hand sprayer. Parallel controls were inoculated with sterile distilled water (CKs). Following inoculation, the spikes were covered with a transparent plastic bag for 24 h. After removing the bag, the spikes were sprayed with sterile distilled water until saturation. Water was sprayed at 8:00 a.m., 12:00 a.m., 2:00 p.m., and 4:00 p.m., each day, for 7 days.
The spikes were harvested when they reached Zadoks' stage GS 92 [10] , sun-dried, and separately threshed by hand. The number of the total and diseased kernels (the black or brown discoloration [ 1 mm) was recorded and the incidences of black point were calculated and converted into percentages.
Re-isolation of Pathogens
Black point kernels were placed on PDA medium as described previously after sterilization. Each Petri dish contained six kernels inoculated with a single isolate of one wheat line. There were six replications for each isolate from each wheat line, which were arranged in a completely randomized design. A non-inoculated check (CKs) was used as a control. The sporulated fungi from each kernel were examined after incubation at 25°C for 7 days in the dark.
Statistical Analysis
The incidences of black point were calculated as the mean of the replicates (n = 3). Differences between the 21 isolates within wheat lines were calculated using the statistical software package SPSS 13.0. Analysis of variance (ANOVA) with Duncan's multiple range test and Dunnett's tests method at P \ 0.01 were performed. A general linear model was used to perform an interaction analysis of wheat lines, isolates, and years.
Phylogenetic Analysis
Ten isolates, causing significantly higher incidences of black point than those of the control, were chosen for species identification using phylogenetic analysis. These isolates were grown on PDA at 25°C in the dark for 7 days. Fungal DNA was prepared according to Manamgoda et al. [15] .
The ITS (internal transcribed spacers and intervening 5.8S nrDNA), GPDH (partial glyceraldehyde-3-phosphate dehydrogenase gene), and TEF (partial translation elongation factor 1-alpha gene) regions were amplified according to Manamgoda et al. [15] . The reaction volume was 25 lL, and contained: 50 ng DNA, 12.5 lL 29 Taq Master Mix, and 1 lL 10 mM of each primer. Purified PCR products were sequenced by BGI-Shenzhen.
The ITS sequences of the ten isolates were identified using BLAST (NCBI) to determine the preliminary genus of the isolates. Then, the six fungal genera out of ten isolates were separately analyzed using the available sequences in the Mycobank (http://www.mycobank.org/ quicksearch.aspx) and in the literature [12, [16] [17] [18] [19] . To distinguish closely related species, five isolates of the genus Bipolaris were subjected to a combined multi-gene analysis using ITS, GPDH, and TEF. The GenBank accession numbers of the sequences used in this study are available in Supplementary Tables S1 and S2 . DNA sequences were edited and aligned using SeqMan (DNA STAR Package) and Clustal X [20] .
The substitution model was chosen using the Akaike information criterion (AIC) in MrModeltest V. 2.2 [21] . The dataset was analyzed with the RAxML BlackBox online server [22] using maximum likelihood and MrBayes 3.1 for Bayesian inference [23] . To minimize clutter, highly consistent sequences from same genus were eliminated when constructing phylogenetic trees.
Results
Fungal Species Isolated from Black Point Kernels on the NCP
A total of 21 isolates were obtained from 600 black point kernels (200 kernels from each of the three highly susceptible wheat lines). Based on the characteristics of colony and conidial morphology, these isolates belonged to eleven fungal genera: Alternaria, Bipolaris, Fusarium, Curvularia, Aspergillus, Exserohilum, Epicoccum, Nigrospora, Penicillium, Cladosporium, and Ulocladium (Supplementary Table S3 ). Alternaria was the most prevalent genera (isolation frequency ranged from 53.0 to 61.3% for the three wheat lines), followed by Bipolaris (isolation frequency 12.7-21.0%) and Fusarium (isolation frequency 3.0-9.0%). The isolation frequencies of Curvularia, Aspergillus, Exserohilum, Epicoccum, Nigrospora, Penicillium, Cladosporium, and Ulocladium were 4.8, 3.4, 3.9, 2.7, 2.5, 2.3, 0.9, and 0.8%, respectively.
Pathogenicities of the Select Isolates
The incidences of black point in the three wheat lines induced by the 21 select isolates were significantly different, and ranged from 68.9% (Wanyuanbai inoculated with isolate Ta-BP33 in 2015) to 13.2% (Pinzhisuo6 inoculated with Ta-BP44 in 2014) (Supplementary Table S4 ).
The average incidence of black point for the three wheat lines inoculated with the ten isolates used for phylogenetic analysis (Ta-BP1, Ta-BP2, Ta-BP17, Ta-BP22, Ta-BP33, Ta-BP36, Ta-BP39, Ta-BP48, Ta-BP49, and Ta-BP56) was significantly higher than that of the check over the 3 year study. Among the ten isolates, the incidence of black point was highest across all three wheat lines when inoculated with Ta-BP33 (Bipolaris; 53.7, 60.5, and 55.6% during 2014, 2015, and 2016, respectively), followed by Ta-BP48 (Bipolaris, average incidence of black point ranged from 51.0 to 53.2% over the 3 years) and then Ta-BP17 (Exserohilum; 50.4, 48.1, and 51.7% during 2014, 2015, and 2016, respectively). The incidences of black point caused by three of the isolates, Ta-BP2, Ta-BP36, and Ta-BP56 (Bipolaris), were greater than 40% across all 3 years. The incidences of black point caused by four of the isolates, Ta-BP1 (Alternaria), Ta-BP22 (Fusarium), Ta-BP39, (Curvularia) and Ta-BP49 (Epicoccum), ranged from 32.4 to 38.8%. We examined the colony and conidial morphologies of the ten isolates that caused significantly higher incidences of black point than the check (Fig. 1) .
Re-isolation of the Isolates
The average re-isolation frequency of the 21 isolates used for the pathogenicity evaluation from all three wheat lines was 78.4%. The re-isolation frequency of the ten isolates that caused severe wheat black point was 94.9%, Isolations from surface-sterilized kernels confirmed that the fungus used for inoculation was responsible for the black point (Table 1, Fig. 2 ).
Phylogenetic Analysis of the Ten Isolates Causing Severe Black Point in Wheat
Based on colony and conidial morphologies, the ten isolates that caused significantly higher incidences of black point than the check between 2014 and 2016 belong to six fungal genera: Alternaria (Ta-BP1), Bipolaris (Ta-BP2, Ta-BP33, Ta-BP36, Ta-BP48, and Ta-BP56), Fusarium (Ta-BP22), Curvularia (Ta-BP39), Exserohilum (Ta-BP17), and Epicoccum (Ta-BP49) (Supplementary Table S3 , Fig. 1 ). This was confirmed by the BLAST results of their ITS sequences (Supplementary Table S5 ).
To identify the species of the ten isolates, phylogenetic analysis was conducted. To distinguish closely related species, five isolates from the genus Bipolaris were subjected to a combined multi-gene analysis of the ITS, GPDH, and TEF data. Phylogenetic analysis of the other five isolates was carried out using their ITS sequences. The ten isolates were found to belong to eight fungal species. Three species belonged to the genus Bipolaris (Supplementary Fig. S1 ): B. sorokiniana (Ta-BP33 and Ta-BP48), B. crotonis (Ta-BP36), and B. coffeana (Ta-BP2 and Ta-BP56). The other five isolates, Ta-BP1, Ta-BP17, Ta-BP22, Ta-BP39, and Ta-BP49, were identified as A. alternata, E. rostratum, F. equiseti, C. spicifera, and E. sorghinum, respectively ( Supplementary Figs. S2-S6 ). The identity of the isolates and their ex-type strains (except Fusarium equiseti) ranged from 98 to 100% (Supplementary Table S5 ).
Discussion
The available literature describing the relationship between fungi and black point in wheat are unclear and/or contradictory. Many studies have reported that fungi are associated with black point [4, 5, 9] ; however, Williamson Fig. 1 The characteristics of colony morphologies (upper) and conidia (lower) of the ten isolates that caused significantly higher incidences of black point in the North China Plain. Isolates were cultured on PDA at 25°C for 7 days in the dark. The colonies and conidia were 4 recorded with a camera (Canon Powershot A6407) and a microscope (LEICM DM4000B7), respectively. A and a, isolates Ta-BP1; B and b, Ta-BP33; C and c, Ta-BP48; D and d, Ta-BP2; E and e, Ta-BP36; F and f, Ta-BP56; G and g, Ta-BP39; H and h, Ta-BP17; I and i, Ta-BP22, and; J, Ta-BP49 (no conidia of this isolate was seen)
showed that there was not a strong association between incidences of black point and infection with A. alternata [24] . We isolated 21 morphologically distinct isolates from diseased wheat kernels of black point and investigated their pathogenicities towards wheat. Of the 21 isolates, ten isolates caused significantly higher incidences of black point than the check. Based on Koch's Rule, we re-isolated the isolates from the diseased kernels. This proved that these ten isolates were the pathogens responsible for the black point in the wheat; thus, we have proven that fungal pathogens are one of the factors that causes black point in wheat in the NCP.
The ten pathogenic isolates identified in this study were confirmed to be eight fungal species: A. alternata, B. sorokiniana, B. crotonis, B. coffeana, E. rostratum, F. equiseti, C. spicifera, and E. sorghinum. The isolation of Alternaria and Bipolaris from wheat kernels with black point symptoms has been reported [9] ; this is consistent with our results. The isolation frequencies of three of the fungal species, F. equiseti, C. spicifera, and E. sorghinum, were not high, but they have also been previously associated with black point symptoms in wheat [5, 8, 9] . However, there have been no previous reports showing Exserohilum to be a cause of black point in wheat. This is the first report showing that E. rostratum is a pathogen causing black point in wheat. Based on the isolation frequencies and symptom severities, B. sorokiniana and A. alternata were determined to be the most important pathogens causing black point in wheat in the NCP. In addition to pathogens, incidences of black point are directly influenced by environmental conditions [25, 26] . Thus, wheat genotypes with fewer diseased kernels under natural field conditions are not necessarily resistant genotypes, but may rather be the result of inadequate inoculum or unfavorable field conditions. It is, therefore, necessary to screen resistant wheat genotypes by inoculating different black point pathogens under favorable conditions across different years and locations. The eight fungal species that we found lead to significantly higher incidences of black point extend the scope of fungi causing wheat black point and provide pathogenic species for resistance screening in wheat genotypes that can be used to breed disease (black point) resistant varieties.
